Objectives: To investigate whether silver chelates or silver ions are more effective as therapeutic agents, and to examine their mode of action so that safer and stable compounds that have a broad spectrum of therapeutic activities can be developed.
Introduction
The antimicrobial activity of small amounts of metal, known as oligodynamic action, has been known for a long time and is the basis for the development of many therapeutic agents, especially the use of silver in burn patients. 1 Some metals are also employed in the design of chemotherapeutic compounds. Examples of such metals are gold, copper, iridium and rhodium. 2 The most prominent and promising family of metal-based cytotoxic agents is those referred to as 'oxaliplatin', also known as L-OHP, which are considered third generation platinum complexes. 3 Recently, ionic silver substances have been resurging again in popularity. What makes silver unique in comparison with other antibiotics is the fact that it has no toxicity and carcinogenic activities. Also, ubiquitous metallothioneins have the property of binding silver and other metals that may enter the body and detoxify them. 4 The exact mechanism by which silver ions perform such functions is not known. It is accepted that there are three mechanisms for silver deactivation: firstly, catalytic oxidation through the absorption of nascent oxygen which will readily react with thiol groups (-SH) forming R -S -S -R (R is an organic moiety) bonds; secondly, reaction with bacterial cell membranes by the attachment of silver ions to surface radicals; and thirdly, preferential binding of silver atoms with cells' DNA, preventing DNA from unwinding, an essential step for cellular replication.
Researchers have elucidated the significance of the availability of silver as ions in the treatment of infections, and found out that this is completely independent of the total amount of silver chelates. 5 -7 Since my interest lies in the potential use of silver (I) as a therapeutic agent, the main impetus of the present work is to investigate whether silver chelates or silver ions are more effective in combating diseases. This in turn will help delineate the mechanism of action, and hence the production of the best preparation and the design of the most effective delivering method.
Materials and methods

Reagents
Sterile, double-distilled-deionized water was used for all microbial and chemical assays. Analytical-grade reagents obtained from Sigma -Aldrich were used for all the experiments. 
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Silver chelates
An aliquot of silver ion solution of 1.1 Â 10 5 ppm was prepared at room temperature by dissolving 4.0 g of silver nitrate in 20.45 mL of doubled-distilled-deionized water and 2.55 mL of 85% H 3 PO 4 . By using a micropipette, 230 mL of this prepared solution was placed in a microtube where designated amounts of glutamic acid (GA) and tartaric acid (TA) were added according to Table 1 , and mixed thoroughly. These values represent the number of moles of each organic acid with respect to free silver ion present in solution.
The ratio of number of moles of both organic acids used with respect to the number of moles of silver, denoted by R, is given in Table 1 . Thus, if R = 1, this represents an equimolar ratio of the corresponding organic acids with respect to silver present in solution.
The prepared solutions were then added to 50 mL of doubleddistilled-deionized water and mixed continuously. This resulted in an initial total (free and chelated) silver concentration of 506 ppm.
Bacteriological methods
In this study, the activity of silver was determined using Pseudomonas aeruginosa (ATCC 15442), a tenacious species that is difficult to treat due to lower permeability of its cell wall and cell membrane, and efflux pumps that cause enhanced levels of efflux of antimicrobials. Pure cultures of P. aeruginosa were incubated in Mueller -Hinton broth (composed of beef infusion 300.0 g/L, casein acid hydrolysate 17.5 g/L, and starch 1.5 g/L) for 18 h at 378C. Cell suspension concentration was adjusted to yield a bacterial concentration of approximately 1.0 Â 10 6 cells/mL with the addition of nutrient broth.
The bactericidal activity was investigated by determining MIC. MIC testing of antimicrobials was conducted via a broth macrodilution procedure using standard NCCLS methods. The biological experiments were conducted by serial dilution of 10 tubes with Mueller -Hinton broth. The tubes were then incubated at 37 ± 28C for 24 h, and were observed for the presence and level of visible growth. The test culture was also inoculated with the reagents without the presence of silver to examine if there was any interaction between culture medium and test reagents. This turned out as expected, validating the observations of the actual experiment.
For comparative purposes, a free silver ion solution of 506 ppm was also prepared without glutamic acid and/or tartaric acid. The same procedure was followed as for the above samples.
Silver ion assay (Ag
Standard atomic absorption spectroscopy methods were employed to determine free ionic silver. This was done after ultra-filtration of each sample since the complex has silver, which would mask the results. All the experiments were done in triplicate, and the results averaged and reported.
Results and discussion
For all cases examined, MIC results have revealed that as silver ion concentration increases, significantly lesser efficacies were observed, demonstrating the fact that silver as a therapeutic agent could be administered as a silver complex. Specifically, it was found that the chelated silver efficacy is almost one order of magnitude, and 32 times larger than the efficacy of free silver for the worst and the best cases studied, respectively.
The salient features and the general trend of efficacy and free silver ion profiles were found to be similar at a given R. For instance, it was found that for R = 0.25, both profiles were peakshaped with maxima at 0.5 (data not shown). This shows that the same phenomenon that governs silver is finger printed in the efficacy results, demonstrating that these two variables are strongly dependent on each other, which is to be expected, if only the chelates are responsible for the observed biocidal activities. Therefore, maximum efficacies correspond to minimum free ionic silver (Ag + ) concentrations, contradicting previous findings reported in the literature. 5 -7 As mentioned earlier, there are three suggested mechanisms for the biocidal activities of silver: 1) catalytic oxidation of silver ions with nascent oxygen; 2) reaction with bacterial cell membranes by the attachment of silver ions to surface radicals; and 3) preferential binding of silver atoms with cells' DNA, preventing DNA from unwinding. The first two mechanisms necessitate silver to be as ions for the reaction of the positively charged silver with the negatively charged oxygen, thiol group, and membrane enzymes to take place. Hence, if these two mechanisms are responsible for the biocidal ability of silver, one should see more kill with increasing silver ion concentration, which is not what the present data reveal. The effect of silver atoms on unwinding of cellular DNA, thereby inhibiting replication does seem more plausible. This is because silver is transported intracellularly as a package-a protected complex-and not as a free ion, preventing silver from binding with a host of substances present in the cell membrane or the intracellular space of microorganisms such as thiol groups, enzymes or any other negatively-charged moiety, precluding its biocidal function. What substantiates this conclusion further is the fact that experiments conducted on aerobic bacteria have shown that silver is also quite effective at killing these types of bacteria. 8 It is possible that the first two mechanisms work synergically with the third, unwinding of cellular DNA. Nevertheless, their combined contribution to killing may not be as effective as unwinding of DNA alone. This can be substantiated by the fact that experiments on P. aeruginosa with silver sulfadiazine have revealed that silver was present up to 12% in the DNA fraction, 3% in the RNA fraction, less than 0.5% in the lipid fraction, and the remainder in its proteins and polysaccharides. 9 It is known that when silver bonds with DNA, the resulting complex is not unwound. However, in treating the complex with chlorides, Therapeutic properties of silver (I) chelation with glutamic and tartaric acids bromides and cyanides, which remove the silver, regeneration of the native DNA takes place and its function is fully restored.
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A good candidate for the above findings, besides its application as antibiotics, is in the design of chemotherapeutic agents. Knowing the fact that silver has a much safer tolerance record than most heavy metals, it might be possible to design chemotherapeutic agents that employ the present silver complexes. The many adverse side effects of the current cancer systemic therapeutic methods such as radiation, immunotherapy, chemotherapy, and antiangiogenic drugs make silver an excellent candidate for alternative therapy. It might also be possible to use the organic moieties described here for the chelation of silver or any other heavy metal, especially since these organic moieties have small molecular weights, from which smaller chemotherapeutic molecules could be developed. Such molecules are useful in the treatment of neoplasia, especially those associated with breast, head and neck, pancreatic, stomach, ovarian, cervical, lung, and prostate since within the intra-or inner-region of solid tumours the network of blood capillaries is too small for large molecular weight agents to be delivered. 10 Thus, further research is warranted.
